Objective: Genetic variants e2/e4 within the APOE gene are established risk factors for lobar intracerebral hemorrhage (ICH). Published preliminary data suggest a potential role for APOE e4 in risk of nonlobar ICH. We therefore investigated the role of APOE in recurrent nonlobar ICH, and sought to clarify whether effects of APOE on circulating lipids mediate this association.
Primary intracerebral hemorrhage (ICH) is the most lethal acute cerebrovascular disorder, its mortality rate ranging from 40% to 50% at 90 days from the initial bleeding event. 1 Survivors are often burdened with substantial disability and face a high risk of recurrent ICH. 2 Previous studies demonstrated that survivors of ICH in the lobar brain regions are at higher risk of recurrence, and multiple predictors of recurrent lobar ICH have been identified. 3, 4 Among these, the e2/e4 variants of the APOE gene are presumed to modify lobar ICH recurrence risk via their role in small vessel disease associated with cerebral amyloid angiopathy (CAA). 3, 5 A recent, large meta-analysis of case-control studies conclusively demonstrated that APOE e2 and e4 increase risk of ICH in the lobar brain regions. 6 An intriguing preliminary finding that emerged as well was an association between APOE e4, but not e2, and nonlobar ICH. 6 This finding warrants further exploration of its potential underlying biology, as nonlobar ICH is typically associated with arteriolosclerosis rather than CAA. 7 Total cholesterol (TC) levels and cholesterol fractions (low-density lipoprotein [LDL]/high-density lipoprotein [HDL]) have been found to be associated with ICH risk in prior studies, particularly nonlobar ICH. 8, 9 Given that APOE gene products participate extensively in lipid metabolism, lipid fractions may mediate the effect of APOE e4 on nonlobar ICH.
Reasoning that demonstrating an effect of APOE e4 on recurrent nonlobar ICH would provide substantial confirmation of the previously published association of e4 with risk of nonlobar ICH, we investigated whether survivors of ICH with APOE e4 were at elevated risk of recurrent nonlobar ICH in a prospective cohort. Furthermore, given the established role of APOE in lipid metabolism, we performed mediation analyses to clarify whether lipid levels alter any detected effect of e4.
METHODS Patient recruitment and baseline data capture. All participants were enrolled in an ongoing longitudinal cohort study of primary ICH at Massachusetts General Hospital. 3 Individuals selected for the present study were consecutive patients aged 18 years or older, presenting to Massachusetts General Hospital from January 1, 2001, to December 31, 2011, and diagnosed with acute nonlobar ICH (onset of symptoms ,24 hours before presentation). Nonlobar ICH was characterized as intraparenchymal hemorrhage selectively involving the thalami, basal ganglia, or brainstem. Given known biological heterogeneity of cerebellar ICH, cerebellar location was excluded from analysis in the present study in order to focus on non-CAA-related effects of APOE variants. 3, 6 To qualify for longitudinal analyses, patients were required to (1) meet criteria for primary ICH (as previously described) 3 ; (2) have survived at least 90 days after index nonlobar ICH; and (3) have ICH location confirmed on admission CT scan. Patients with a recurrent lobar ICH were excluded from analysis. We excluded a total of 11 patients who did not survive 90 days after nonlobar ICH to avoid capturing early rebleeding events (whose pathophysiology may differ from long-term ICH recurrence). 3 Pre-ICH clinical and demographic data were collected by trained study staff via in-person interview at time of enrollment. All admission CT scans were reviewed by study investigators blinded to clinical and genetic data to confirm ICH location. APOE genotype was determined by analyzing DNA extracted from blood samples provided by participants, in accordance with previously published methods. 3, 6 Longitudinal follow-up. Trained study staff contacted and interviewed by telephone patients and/or their caregivers at 6 months after index ICH and every 6 months thereafter. Investigators inquired about and collected imaging and medical records data pertaining to ICH recurrence (both lobar and nonlobar), death, and medication use/dosing. Telephone-based collection of data was supplemented by manual review of longitudinal electronic medical records (EMRs) at Massachusetts General Hospital (including primary care, specialty outpatient, and inpatient records). EMRs were used to capture lipid levels during follow-up. We prespecified data capture targets of $1 lipid panel per every 12-month period. Only lipid data obtained .90 days after acute ICH were considered valid for analysis during the first year of follow-up. We elected to use both fasting and nonfasting lipid measurements for all analyses, and both actual measured (when available) and calculated LDL levels were included. A total of 15 participants failed to meet these data availability requirements and were removed from all analyses without altering results (data not shown).
EMR review was also used to obtain/confirm detailed information on medication use and interval clinical history. Discrepancies between telephone-collected and EMR-collected medication exposure data resulted in removal of 5 participants from the present study, and their removal did not alter results (data not shown). If participant and/or caregiver reported new neurologic symptoms, ischemic stroke, ICH, or hospital admission, the relevant medical records and radiographic images were reviewed by a study investigator blinded to other clinical and genetic data to assess the presence/absence of recurrent ICH and its location. Participants' data were censored in case of (1) recurrent ICH confirmed by neuroimaging, (2) death, (3) loss to follow-up, or (4) follow-up period reaching the predetermined deadline of December 31, 2013 (thus guaranteeing at least 24 months of follow-up for all analyzed participants). For individuals who had multiple recurrent lobar ICH during follow-up, data were censored at time of first recurrence.
Statistical methods. Age at index ICH was analyzed as a continuous variable. Participants' sex, ethnicity, education, and pre-ICH medication exposure were analyzed as static categorical variables. Medication exposures during follow-up were analyzed as time-dependent categorical variables (with exposure time determined from phone call/EMR data). In line with prior studies, APOE genotype was analyzed using 2 categorical variables indicating number of e2 alleles (0, 1, or 2) and number of e4 alleles (0, 1, or 2) with the e3/e3 genotype serving as reference.
We generated a single continuous variable representing TC levels, and analyzed LDL and HDL levels as separate continuous variables. Of note, given substantial collinearity between LDL and HDL (identified based on methods described below), we generated separate multivariable models incorporating LDL or HDL as nonlobar ICH recurrence predictors. For lipid measurements, participants were assigned the TC/LDL/HDL value for each 12-month period (i.e., months 1-12 after index ICH, months 13-24 after index ICH, etc.) at all failure times falling within that same time window. Participants with $2 measurements in a given 12-month time period would be assigned, at each failure time, the closest available value.
Categorical variables were compared using Fisher exact test and continuous variables using the Mann-Whitney rank sum or unpaired t test as appropriate. We determined univariate predictors of ICH recurrence via significance testing by the log-rank test. Multivariate analyses of association between APOE e2/e4 and nonlobar ICH recurrence used a Cox regression analysis model. Candidate covariates included all variables showing a trend in association with recurrent nonlobar ICH in univariate analysis (p , 0.20). Backward elimination of nonsignificant variables (p . 0.05) generated a final minimal model. Because of its close relationship with lipid measurements, statin exposure was reintroduced in all multivariate models regardless of significance, without altering reported results (data not shown). Multicollinearity was assessed by computing variance inflation factors for all predictors and removing all variables with variance inflation factor .5.
We chose to perform mediation analyses to identify whether lipid levels influence association between APOE genotype and nonlobar ICH recurrence. These analyses identify whether an external variable (mediator, i.e., lipid levels in our study) carries the influence of a given independent variable/predictor (i.e., APOE genotype) to a given dependent variable/outcome (i.e., ICH recurrence); the percentage of predictor's effect on outcome carried by the mediator can also be quantified. Mediation analyses were performed using the mediation package in R (http://cran.r-project.org/web/packages/mediation/index.html); we prespecified intent to perform analyses to look for mediation effect of lipid measurements (TC, LDL, and HDL) on APOE genotype association with ICH recurrence if the following conditions were met: (1) APOE e2 or e4 genotype associated with nonlobar ICH recurrence; and (2) TC, and/or LDL, and/or HDL measurements associated with nonlobar ICH recurrence. We also prespecified inclusion of all other predictors of nonlobar ICH recurrence (in multivariate analyses) as potential competing mediators.
All analyses were performed with R software version 2.8.1 (The R Foundation for Statistical Computing). All significance tests were 2-tailed.
Standard protocol approvals, registrations, and patient consents. This study was performed with approval of the institutional review board of the Massachusetts General Hospital. All participants or surrogates provided written informed consent for participation in this study. 2 ). There was no association between number of APOE e2 alleles and risk of recurrent nonlobar hemorrhage.
RESULTS
We then performed multivariate analyses of nonlobar ICH recurrence including univariate predictors (except APOE genetic status) and TC/individual cholesterol fractions. There was no association between TC levels and nonlobar ICH recurrence (p . 0.20). Increasing LDL levels were significantly associated with decreased risk of nonlobar hemorrhage recurrence (HR 5 0.88 per 10 mg/dL increase, 95% CI 5 0.78-0.98, p 5 0.027). In contrast, elevated HDL levels were associated with increased risk of nonlobar hemorrhage (HR 5 1.12 per 10 mg/dL increase, 95% CI 5 1.01-1.25, p 5 0.042).
Lipid measurements modulate APOE e4 association with nonlobar ICH recurrence. Having demonstrated separate association in multivariate analyses for both APOE e4 and lipid values (LDL and HDL) in accordance with our prespecified conditions, we proceeded to perform formal mediation analyses to explore potential modulating effects of lipid measurements on the association between APOE and nonlobar ICH recurrence. This analysis showed that 52% (95% CI 5 31%-60%) of the observed effect of APOE on nonlobar ICH recurrence could be accounted for by combined effect of HDL and LDL levels (mediation p 5 0.034). The results of mediation analyses including additional predictors of nonlobar ICH recurrence are detailed in figure 3 . Separate mediation analyses identified significant effects for LDL cholesterol levels (42% of effect, 95% CI 5 20%-72%, mediation p 5 0.022), but not for HDL levels (13% of effect, 95% CI 5 0%-37%, mediation p 5 0.15). We attempted to further characterize the presumed relationship between APOE e4 and lipid measurements in determining nonlobar ICH risk by performing subset analyses based on lipid data. Our findings (figure 4) are consistent with progressively increasing LDL levels (averaged during follow-up time) being associated with decreased magnitude of association between APOE e4 and nonlobar ICH (p value for trend test across categories 5 0.019).
DISCUSSION These results provide further robust evidence for an effect of APOE e4 on risk of ICH in the nonlobar brain regions, raising the hypothesis that APOE influences the pathogenesis of the 2 most common forms of cerebral small vessel disease underlying ICH, CAA, and arteriolosclerosis. 7 In addition, after finding that circulating LDL and HDL levels correlate with risk of recurrent nonlobar ICH, we identified preliminary evidence suggesting that LDL levels modulate the association between e4 and ICH, with decreasing detrimental effect of e4 as serum LDL levels increased.
By identifying an association between APOE e4 and nonlobar ICH recurrence, we have confirmed and extended previous preliminary results suggesting a potential role for the APOE gene beyond lobar (presumably CAA-related) ICH. 6 We have not identified an association between e2 and nonlobar ICH recurrence; this finding mirrors identical null results from the aforementioned large case-control meta-analysis. Our statistical power to investigate a potential role for e2 in nonlobar ICH is limited by low genetic variant frequency (especially compared with e4), as well as lower effect sizes and ICH recurrence rates (comparing nonlobar ICH with lobar ICH). It is therefore plausible that we failed to identify an existing association between e2 and nonlobar ICH due to chance alone. However, APOE e2 alleles were in the past found to be associated with lobar ICH hematoma initial volume and expansion, functional outcome, and mortality, whereas no such associations were identified for nonlobar ICH. 10 Negative findings for APOE e2 in the present study may therefore be attributable to true biological heterogeneity of effects in different ICH pathophysiologic mechanisms (i.e., hypertensive vs CAA-related). The e4 allele of the APOE gene has been implicated in numerous different biological mechanisms beyond increasing amyloid burden. [11] [12] [13] [14] [15] [16] In light of the central role of APOE in lipid metabolism and accumulating evidence of lipid measurements being closely related to ICH risk, 8, 9 we hypothesized that lipid metabolism may explain the association between e4 and nonlobar ICH. Our analyses are consistent with prior reports suggesting that increasing serum LDL levels and decreasing HDL levels are associated with decreased ICH risk (in the specific case of our study, decreased risk of nonlobar ICH recurrence). Adjustment for cardiovascular risk factors did not invalidate the association between LDL/HDL levels and nonlobar ICH recurrence. These findings suggest that lipid fractions have a biological role distinct from other clinical components of the metabolic syndrome in determining cerebral bleeding risk. Indeed, cooccurrence of high LDL and/or low LDL measurements with hypertension and elevated body mass index would have a priori suggested a detrimental effect on ICH recurrence. 17 We therefore chose mediation analysis as an unbiased tool to look for other potential effects of lipid fractions on nonlobar ICH recurrence, i.e., modulating effects on APOE genetic variants. Of note, the direct effect of APOE e4 on LDL/HDL levels (i.e., modest increase in LDL levels, and minimal decrease in HDL levels) 18 cannot account for the observed associations with nonlobar ICH. Based on these findings alone, a small protective effect of e4 against nonlobar ICH would in fact be expected. Our mediation analyses attributed approximately half of e4 effect on nonlobar ICH recurrence to the combined action of LDL and HDL levels. Separate mediation analysis was statistically significant for LDL levels and not HDL, but our small sample size and decreased variance of HDL compared with LDL substantially limited our statistical power. Additional studies may well uncover a mediating role for HDL levels as well. The exact mechanism by which LDL levels modulate APOE e4 effect on risk of ICH recurrence remains unclear; our LDL quartile-stratified analyses suggest that high LDL levels cancel the association between e4 and nonlobar ICH recurrence. These findings can be explained by hypothesizing that there exist multiple biologically detrimental effects of APOE e4 relevant to nonlobar ICH pathophysiology (e.g., mitochondrial oxidative stress response, intracellular glucose metabolism, resistance to microvascular ischemia). [11] [12] [13] 16 These negative effects are then mitigated or nullified in the presence of elevated LDL levels. Lipid fractions may exert directly beneficial effects, or simply represent biomarkers of yet undiscovered protective biological pathways. Given the central role of lipids in cellular membrane trafficking and integrity, these represent areas of great interest for further investigation into the basic pathophysiology of nonlobar ICH. 19, 20 Ultimately, additional studies will be required to confirm and expand our findings.
Of note, our study identified an association between African American ancestry and increased risk of nonlobar ICH recurrence. Hispanic ancestry nonlobar ICH survivors were also noted to be at higher risk of recurrence, but with a non-statistically significant result. These findings are of particular interest because they persisted after adjustment for cardiovascular risk factors, which are often presumed to be the major driving factors behind health disparity in ICH recurrence/outcomes (especially for nonlobar ICH). 21, 22 Other, still unidentified biological mechanisms may also contribute to ICH outcome disparity in these minority populations, thus warranting further in-depth investigation.
Our study has several limitations. We were unable to precisely quantify alcohol consumption during follow-up. Since alcohol consumption is a known Figure 3 Mediation analyses of the effect of APOE on risk of recurrent ICH in the nonlobar brain regions ICH risk factor and influences lipid levels, this represents a limitation of our study. We were unable to provide direct replication of our findings in a separate patient group. However, the concordance of findings between our recurrence study and published casecontrol analyses suggests that APOE e4 does have a role in nonlobar ICH. Similarly, our association analyses for LDL/HDL levels are consistent with multiple prior reports, thus further supporting their validity. Our mediation analyses results, however, are in fact preliminary and will require further replication and validation. Despite our analyses identifying higher ICH recurrence risk for African American participants, the vast majority of our study participants are European American (i.e., Caucasian). Separate confirmatory analyses including larger numbers of non-European ancestry ICH survivors are therefore warranted. Perhaps most important, currently available data prevent us from further dissecting the relationships among APOE variants, nonlobar ICH, and lipid metabolism (particularly as they pertain to exploration of novel individual biological pathways).
In summary, we confirmed that APOE variant e4 and lipid fraction levels have a significant role in determining nonlobar ICH recurrence. We also provided preliminary evidence suggesting that LDL levels modulate the association between e4 and nonlobar ICH recurrence, by progressively decreasing its effect size with increasing LDL levels. Additional studies will be required to confirm these findings, and investigate in greater depth the biological mechanism linking APOE variants and lipid metabolism to nonlobar ICH pathophysiology. 
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